We analyzed teleseismic waveforms recorded by 36 stations near Bohai Sea region and obtained 2 248 high quality receiver functions. The crustal thickness (H) and average crustal vP/vS ratio (κ) as well as the Poisson's ratios beneath 34 stations were estimated using the H-κ stacking method. The results indicate that crustal thicknesses near the Liaoning province range from 30.0 to 35.5 km, and the corresponding vP/vS ratios vary from 1.72 to 1.89 which corresponds to Poisson's ratio with a range from 0.243 to 0.305. We also apply a common conversion point (CCP) stacking method of receiver function (RF) to image the upper mantle discontinuity structure beneath Bohai Sea region. Both the 410-km and the 660-km discontinuities (hereafter called the 410 and the 660) show clearly in the study region. The transition zone (TZ) thickness shows a different picture from the west to the east of the study region, which is a little bit thicker than that of the global average in the west of longitude 122
Introduction
Receiver function (RF) methods have been widely used to study the interior structure of the Earth since they were first introduced to seismology (Langston, 1977; Vinnik, 1977) . Teleseismic P waveform contains more information about the Ps converted wave and its multiples from discontinuities in the crust and mantle, which can be used to obtain the average thickness and the Poisson's ratio of the crust by the H-κ stacking of RF method (Zhu and Kanamori, 2000) and get the detail structure of the upper mantle discontinuities by the common converted point (CCP) stacking of RFs (Zhu, 2002) . The crustal thickness and the Poisson's ratio are important parameters for understanding the composition and evolution of the crust. In the same way, the topography of the upper mantle discontinuities and the transition zone thickness (TZT) can provide * Received 1 September 2010; accepted in revised form temperature constraints in the mantle transition zone (MTZ), therefore, it can give some clues to study the dynamics between the subducting slab and the surrounding upper mantle. Located near the western Pacific subduction zone, Bohai Sea (including the surrounding regions) provides an ideal region to investigate the present status of Pacific subducted slab. Regional P wave tomography showed that the Pacific slab turned to be stagnant in the MTZ (Huang and Zhao, 2006) . However, RF studies revealed the evidence of the slab accumulation in the MTZ and locally penetration into the lower mantle in the similar region (Ai et al., 2003; Li and Yuan, 2003) . Thus, the status and dynamics of Pacific slab in the transition zone beneath Bohai Sea remained controversial. In addition, the crustal Poisson's ratio was still poorly constrained beneath Bohai Sea due to the lack of seismic data.
In this study, we used receiver functions stacking techniques to study the crustal and mantle structure beneath Bohai Sea basing on a large amount of waveform data from teleseismic events recorded by 36 stations in Liaoning experiment (Figure 1 ). Firstly, due to the Poisson's ratios can be used to constrain the composition of the crust in the study region, therefore, we applied the H-κ stacking scheme (Zhu and Kanamori, 2000) to determine the distributions of the average crustal thickness and Poisson's ratios under each station simultaneously by using the direct P-to-S phase and the later multiple PpPs and PpSs phases from the Moho. Secondly, in order to discuss the relationship between mantle discontinuities and thermal anomalies in the study region, we used the common converted point (CCP) stacking of RFs (Zhu, 2002) to study the topography of the 410 and 660 as well as the TZT with high lateral resolution.
Data and methods

Data
In this study, we used seismic events recorded by two networks, Liaoning Seismic Network (LSN) and Bohaiwan Seismic Network (BSN) (Figure 1 ). LSN, deployed in 1999 by the Earthquake Administration of Liaoning province, includes four broadband and 12 short period permanent stations (Figure 1) • and 90
• with magnitude greater than 5.8
for the RF analysis (Ai et al., 2008) .
Receiver function isolation
We isolated RFs for each event-station pair in the following ways. Firstly, we visually checked each event Gudmundsson and Sambridge, 1998) . Epicenter distribution of teleseismic events used in this study is shown in the down-right inset with red dots.
to ensure that it was high-quality recording and had clear first P-wave arrival for three components. Secondly, we cut the selected event from 20 s before to 100 s after the first P wave arrival, and used a 2.5 Hz Gaussian parameter to calculate RFs by the maximum entropy deconvolution method (Ai et al., 2003; Wu et al., 2003) . Finally, we visually selected records with high signal-to-noise ratios for each station to ensure that the P-to-S converted phase from the Moho and its two later multiple phases are present. In order to study the crust and upper mantle structures beneath stations, a secondorder zero phase Butterworth bandpass filter with corner frequencies 0.03-1.0 Hz and 0.03-0.3 Hz were applied to all RFs, respectively. As a whole, we obtained 2 248 reliable RFs, 664 from BSN and 1 584 from LSN, respectively. These RFs were isolated from 315 teleseismic events ( Figure 1 ).
Methods
In this study, we used two standard RF methods, H-κ and CCP stacking techniques (Zhu and Kanamori, 2000; Zhu, 2002) to study the interior structure of Bohai Sea region.
Previous studies indicated that the crustal thickness and v P /v S ratio can be jointly estimated by using the converted phase from the Moho and its multiple reverberations within the crust (Zandt and Ammon, 1995) . Since it was difficult to identify the Moho Ps and its multiples and to measure their arrival times on a RF trace, the auto-searching algorithm, H-κ method, which sums the amplitudes of the RFs at the predicted arrival times of Ps and its multiple phases, has been developed to best estimate crustal thickness (H) and v P /v S ratio (κ) simultaneously (Zhu and Kanamori, 2000) . In this study, we used H-κ method to estimate the crustal thickness (H) and v P /v S ratio (κ) beneath the stations.
We used the CCP stacking of RFs (Zhu, 2002; Ai et al., 2005) to study the 410 and 660 as well as TZT beneath the Bohai Sea region. The CCP method includes the following processes. First, based on a known velocity model, we calculated the depth domain raypath of each RF. Then, we assigned the amplitude at each point on the RF to its ray-path position where the P-to-S conversion was assumed to exist. Finally, we divided the studied profile into bins and stacked all amplitudes in the same bin and smoothed them by considering the Fresnel zone size of the ray in the specific depth (Zhu, 2002; Ai et al., 2005) .
Crustal thickness and Poisson's ratio
When using the H-κ stacking method, we should consider several key parameters in advance. The first one is the average crustal P velocity (Zhu and Kanamori, 2000) near the study region. Based on the previous studies from Liaoning province (Lu et al., 2005) , we used an average crustal P velocity of 6.1 km/s as prior parameter in this study. Secondly, the ranges of crustal thickness and v P /v S ratio for each station should be given before the H-κ stacking method was used. Previous studies show that crustal thicknesses change from 30 km to 34 km in the Liaoning province (Lu et al., 2005) . Therefore, in H-κ stacking of this study, we constrained the crustal thicknesses from 25 km to 45 km for each station. For v P /v S ratio, we limited it between 1.6 and 2.0. Thirdly, we should assigned weights for the P-to-S converted phase from the Moho and its later multiples. The highest weight was assigned to the P-to-S converted phase from the Moho because of its highest signal-to-noise ratio. We finally used 0.7 for the P-to-S converted phase from Moho, 0.2 for PpPs, and 0.1 for PpSs+PsPs, respectively. As examples of the stacking results, the stacking amplitude images of four stations are shown in Figure  3 . Station BXi is a LSN station on the southeast of Liaoning province, stacking 89 RFs results in crustal thickness of 35.5 km and crustal v P /v S ratio of 1.78 (Poisson's ratio of 0.269) (Figure 3a) . In the same case, for the BSN station A17, stacking 27 RFs results in crustal thicknesses of 32.8 and crustal v P /v S ratios of 1.79 (Poisson's ratios 0.275) (Figure 3d) . Figure 4 shows the crustal thicknesses and Poisson's ratios distributions in Bohai Sea region constrained by H-κ stacking. In total, we obtained results of 34 stations out of 36 stations. Our results indicated that crustal thicknesses near the Liaoning province range from 30.0 km to 35.5 km, and the corresponding v P /v S ratios vary from 1.72 to 1.89 which corresponds to Poisson's ratio with a range from 0.243 to 0.305. This crustal thickness variation is consistent with previous results obtained from other geophysical surveys (Lu et al., 2005) .
The relationship between Poisson's ratio and crustal thickness can provide more information about the building processes and tectonic evolution of the continental crust (Ji et al., 2009) . NCCB denotes the location of North China Craton boundary (Figure 1 ) and Figure 5 shows the correlation between Poisson's ratios and crustal thickness in the study region. In Figure  5 , the circles and triangles denote the estimated results from stations in and off the North China Craton (NCC) respectively. The upper and lower solid lines represent the correlation plot results for stations in and off the NCC. In the same way, after excluding some anomaly results from several stations which were labeled the question marks, we get the correlation plot results with 
Upper mantle discontinuities and TZT
We performed the CCP stacking along 2D profile using different bin sizes based on different velocity models and smoothing parameters. The 410 and 660 (maximum amplitude part of converted phase) can be traced as continuous positive phases clearly in the study region. For the more details about bin sizes, velocity models and the 410 and 660 structures, we have already given the descriptions in Ai et al. (2008) . In this study, we chose 1D IASP91 velocity model with crustal structure modification based on H-κ stacking for each station in the CCP stacking. As an example, Figure 6 shows the depth variation for the stacking line at latitude 39.5
• N. The stacking profile is in the south part of the study region, the depths of the 410 change gradually from 410 km to 420 km between longitude 120. Engdahl, 1991), the 410 turns to be deeper whereas the 660 turns to be shallower near North Huanghai Sea.
Although the absence of a detailed 3D P and S wave velocity structure in the study region, the TZT variation was less affected by the velocity structure above 410 km and below 660 km. Therefore the TZT variation was considered to be one powerful indicator for the temperature anomaly in the MTZ (Owens et al., 2000) . Hence, we determined the depths of the 410 and 660 by picking up the maximum positive amplitude in the bands of 400-440 km and 640-680 km in each bin along all stacking profiles. Then, the TZT was calculated by subtracting the depth of the 660 from that of the 410 for each point. During the calculation, only bins with over 100 RFs were selected for analysis. Figure 7 showed the TZT variations. The TZT are a little bit thicker than that of the global average of 250 km in the west of longitude 122
• E, however, thinner than that of the global value in the east of longitude 122
The thinnest part of TZT was from 230 km to 235 km, which was located at North Huanghai Sea and Korea Peninsula near the top of the subducted slab (Ai et al., 2008) .
Discussion and conclusions
Using H-κ stacking method, we obtained the crustal thickness and Poisson's ratio distribution in Bohai Sea region. Our results indicated that crustal thicknesses near the Liaoning province range from 30.0 km to 35.5 km, and the corresponding v P /v S ratios vary from 1.72 to 1.89 which corresponds to Poisson's ratio from 0.243 to 0.305. The distribution of Poisson's ratios on the flank of the mountain is rather uniform except stations CYa and HSh which showed high Poisson's ratios. The distribution of crustal thickness shows that the crustal thickness is getting thicker from north to south, with the thickest 35.5 km beneath station BXi. The crustal thickness variation in the study region is consistent with previous results obtained from other geophysical surveys (Lu et al., 2005; Jia et al., 2010) . From mineral experiment, we know that, a linear correlation of decreasing Poisson's ratio with increasing SiO 2 is observed for granitoids (Christensen, 1996) . Moreover, a correlation of increasing Poisson's ratio with increase in the anorthite content of plagioclase feldspar is found (Christensen, 1996) . Therefore, the higher Poisson's ratios for stations CYa and HSh may be attributed to decreasing SiO 2 and increasing calc-alkaline contents in the crust. In our study, the Poisson's ratio gently decreases with increasing crustal thickness ( Figure 5 ) both in and off NCC. Simliar to the previous study in the Baoding-Datong and GuantingZhangjiakou (Ji et al., 2009) regions, this phenomenon is considered as the result from simultaneous underplating of mafic magmas from partially molten upper mantle into deep crust (Ji et al., 2009) . From seismic tomographic results, we can see that the stagnant part of the subducting or younger slab shows fast anomaly dominance in the P-wave image, while the penetrating or older slab displays fast anomaly dominance in the shear wave-speed image (Widiyantoro et al., 1999; Gorbatov and Kennett, 2003) . We hereby chose several cases of velocity models, which included the IASP91 velocity model, the ISAP91 velocity model crustal structure correction using the results of H-κ stacking, the IASP91 velocity model considering the P-wave and S-wave tomographic results of the study region (Fukao et al., 2001; Huang and Zhao, 2006) , to verify the TZT variations beneath Bohai Sea and North Huanghai Sea regions. All results demonstrated that the thinning TZ beneath North Huanghai Sea is a reliable feature and the TZ thickness has small variation for the different velocity models (Ai et al., 2008) .
The thinning TZ beneath North Huanghai Sea represents the hot temperature anomaly in the TZ. The hot upwelling makes the 660 elevated and the 410 descended, due to the negative and positive Clapeyron slopes for these two discontinuities. Mineral physics studies showed that hydrous minerals in the subducting slabs may exist in the lower mantle, and the dehydration of a subducting slab could happen in the upper part of the lower mantle by decomposition of hydrous ringwoodite (Ohtani et al., 2004) . Seismic studies also showed that part of the subducting slab beneath eastern China reaches a depth of 800 km or more (Bijwaard et al., 1998) , and a narrow depressed 660 zone may indicate the slab material piling up at the bottom of the MTZ and sinking locally into the lower mantle (Ai et al., 2003; Li and Yuan, 2003) . Recent P wave tomographic images near our study region showed slow anomalies in the upper and lower mantle near the subducting Pacific slab (Zhao et al., 2007) . Therefore, we have presented two models, that is, a model of small lateral-scale mantle plumes from the lower mantle, and a model of the dehydration of sinking slab in the lower mantle (Ai et al., 2008) .
In order to better understand the model of the dehydration of sinking slab in the lower mantle, we hereby gave a figure explanation as shown in Figure 8 . In the first stage, the Japan subducting slabs were subhorizontally deflecting or flattening in the TZ (Ai et al., 2008) . In the second stage, with the sufficient trapped slab material increasing in the TZ, part of the rollback slab beneath the east of Korea Peninsula would sink into the lower mantle. Due to decomposition of hydrous ringwoodite (Ohtani et al., 2004) , a small-scale convection would generate hot upwelling in the upper mantle and cause the uplifting of the 660 and descending of the 410, together with the thinning TZ beneath the North Huanghai Sea.
